The demand side management (DSM) measures are designed to process a large number of controllable loads of different types in the multi-energy system, which is helpful to increase the sustainability of the overall energy system. This paper proposes a novel model for the optimal planning of integrated electricity-gas system (IEGS) with DSM that considers the impact of DSM measures. The proposed model minimizes the total cost of the system which includes investment cost, operation cost, carbon emission cost, and DSM compensation. In order to secure the normal operation of IEGS, the electricity and natural gas system normal operation constraints are included in the proposed model. By linearizing nonlinear equations, the formulation is transformed into a mixed-integer linear programming problem to enhance computational tractability. Finally, the combined IEEE 39-bus power system and 12-node natural gas system is adopted to verify the effectiveness of the proposed model for ensuring the system security.
I. INTRODUCTION A. RESEARCH MOTIVATION
Energy internet as a promising direction for future energy development is receiving more attention [1] , [2] . In 2014, the State Grid Corporation of China proposed the concept of Global Energy Internet [3] , [4] , which includes the multienergy system (MES) such as the electricity-gas system [5] . In particular, the concept of energy hub (EH) was introduced as an important integrated energy system unit that combines electricity and natural gas systems [6] - [9] . The integrated electricity-gas system makes the electricity system and the natural gas system closely linked through the energy hub, so that the two different energy forms can operate in a closedloop. Existing researches have focused on the modeling [10] , operation [11] , [12] , and planning [13] of the integrated electricity-gas system. With the rapid development of renewable energy, new research hotspots such as demand response, demand side management (DSM), and energy storage are The associate editor coordinating the review of this manuscript and approving it for publication was Guangya Yang. discussed and integrated into the planning and operation of the integrated energy system. DSM measures play a key role in the sustainable development of the integrated energy system as they encourage the reduction of the overall energy demand and contribute to lower carbon emissions. It is thus significant to study the optimal planning of the integrated electricity-gas system (IEGS) with DSM as a proper planning strategy would optimize the energy structure [14] . While the existing research mainly focuses on the traditional electric power system, little research is on DSM implementation in the context of IEGS. The main aim of this paper is to investigate the impact of DSM measures on IEGS planning strategies.
B. LITERATURE REVIEW
As a critical infrastructure, the electric power system is being transformed from the conventional power system to multienergy system. A considerable amount of research efforts has been devoted to studying the planning and scheduling of IEGS. The planning issue was tackled in Refs. [14] to [18] . A two-stage mixed-integer linear programming approach was presented in Ref. [14] to optimize the multi-energy system configuration considering distributed renewable energy sources based on the energy hub concept. Ref. [15] presented a long-term optimal expansion planning model for an energy hub with multiple energy carriers including electricity, natural gas, and heat. A unified operation and planning optimization methodology for distributed multi-energy generation systems was proposed in [16] to assess the flexibility embedded in both operation and investment stages subject to long-term uncertainties. Ref. [17] presented a reliabilitybased optimal planning model for the interconnection of energy hubs with multiple energy infrastructures. A twostage mixed-integer linear programming approach based on EH model was presented in [18] for district-level multienergy system planning with distributed renewable energy integration. The scheduling issue was tackled in Refs. [19] to [30] . In [19] , the short-term coordinated stochastic model considering hourly demand response is proposed to maximize the total expected social welfare of stochastic scenarios while satisfying the prevailing security constraints. A two-stage stochastic programming approach is presented in [20] to solve a multi-period optimal power flow problem under renewable generation uncertainty. In the first stage, the operating points of conventional power plants are determined. The uncertainty of generation from renewable resources are accommodated in the second stage by relying on the demand-side flexibilities. In [21] , a combined heat and power dispatch (CHPD) for electric power system and district heating system is proposed. The focus is to consider the temperature dynamics of district heating network and to explore whether it can be used to enhance the utilization of wind power. Three models are proposed in [22] for the optimal energy flow of the integrated electricity-gas energy system. In [23] , pipeline heat storage is included in the CHPD model, which is formulized as a quadratic programming problem and solved using a Benders decomposition-based decentralized method. A new technique is proposed in [24] for the control of dynamic gas flows on pipeline networks to examine the day-ahead scheduling of electric generator dispatch and gas compressor operation for different levels of integration, spanning from separate forecasting, simulation, to combined optimal control. Considering the different response times of the gas and power systems, the transient gas flow and steady-state power flow are combined to formulate the dynamic optimal energy flow of IEGS in [25] . Ref. [26] investigated the behavior of multi-energy players who can trade with more than one energy carrier to maximize their profits and mitigate their operational risks. Ref. [27] studies the optimal operation of a commercial building with complex configuration including natural gas energy source, renewable energy source, and different energy-conversion devices. Ref. [28] proposes a distributionally robust co-optimization scheduling model for the coordinated optimal operation of IEGS, while considering the uncertainties of electricity and gas loads. In [29] , pricebased gas-electricity demand responses (DR) are formulated via price-sensitive demand bidding curves while considering DR participation levels and energy curtailment limit. A scheduling strategy for an energy hub system based on hybrid stochastic/IGDT (information gap decision theory) optimization is proposed in [30] .
Although there has been research that discusses the optimal scheduling of IEGS with DSM and EH, to the best of our knowledge, little research discusses the optimal configuration planning of IEGS with DSM. The method proposed in this paper addresses two challenges. (1) It is difficult to integrate the configuration optimization and DSM measures into a conventional planning model. (2) Existing optimal IEGS planning approaches involve mixed-integer nonlinear programming (MINLP) that is difficult to solve.
C. CONTRIBUTIONS
Compared to existing research, the present work makes the following contributions.
• This paper proposes a methodology that applies DSM measures such as load curtailment and load shifting as planning resources to promote the optimal planning of IEGS.
• This paper develops an MINLP model that suits the features of IEGS for the optimal planning of IEGS considering DSM measures. This model minimizes the total cost including investment cost, operation cost, carbon emission cost, and DSM compensation cost during the entire planning horizon. This model effectively captures the impact of DSM measures on the optimal planning strategy of IEGS. DSM also proves to have a positive impact on wind power accommodation.
• This paper linearizes the proposed MINLP model and transforms it into a mixed-integer linear programming (MILP) model that can be solved more efficiently. The remainder of the paper is organized as follows. Section II presents the model of DSM. Section III presents the model of the integrated electricity-gas system considering DSM. Section IV presents the solution methodology. Numerical case studies are presented in Section V, and conclusions and future work are given in Section VI.
II. DEMAND SIDE MANAGEMENT MODEL
In the proposed IEGS planning model, two DSM measures are applied including load curtailment and load shifting [31] . The model of the two DSM measures is presented as follows.
where L cut i (t) indicates the amount of load curtailment for bus i at time t, and L mov i (t)indicates the amount of load shifting for bus i at time t. L i (t) and L i (t) are loads of bus i at time t before and after DSM implementation, respectively. T is the number of time periods during the dispatch horizon, e.g., one day. VOLUME 7, 2019 In this paper, positive number is used to indicate the increment of load, and negative number is used to indicate the reduction of load. Accordingly, the value of load curtailment is less than or equal to zero. For load shifting, during the shifting process, the total amount of load will remain unchanged. So, if a load is shifted to time t1 from time t2, the load shifting is positive at time t1 and negative at time t2.
To encourage users to participate in DSM, corresponding compensation should be made to the users for their contribution in delaying equipment construction and improving system security and efficiency. Therefore, a certain compensation cost needs to be considered.
A. DSM COMPENSATION COST
The DSM compensation cost determined by the user's load adjustment under the two DSM measures is:
where C dsm is the total compensation cost of users participating in DSM, µ 1 and µ 2 are the unit compensation cost of load curtailment and load shifting, respectively.
B. DSM'S ABILITY TO ADJUST THE LOAD
Different measures of DSM have limited ability to adjust the load, so the boundary conditions need to be considered. The adjustable range is constrained according to a certain ratio of the original load:
where τ indicates the planning year, L i (t) is the load for bus i at time t before implementing DSM measures. ξ 1 is the ratio of the load that can be reduced by the demand side. ξ 2 is the ratio of the load that is shiftable, which is mainly determined by the type and property of the load.
C. USER SATISFACTION MODEL
User Satisfaction Index (USI) is an important indicator for evaluating DSM measures from a user's perspective. It can be evaluated from three aspects, satisfaction, users' difference degree, and comfort [32] . Among them, D satur i is the user's satisfaction of the total demanded power during the dispatch period. D diff i is the user's difference in the user's electricity consumption during each period due to participation in the DSM. D comfort i is the user's degree of change in the approaches to use energy after user participation in DSM. The mathematical formulations of the three indicators are as follows:
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where T H is the set of peak load time periods and T L is the set of low valley load time periods. L i (t) is the load for bus i at time t after adopting the DSM measures. L min (t) is the possible minimum load for bus i at time t after adopting the DSM measures, which is calculated as follows:
It can be seen from (7) that if the actual load value L i (t) is less than the predicted value L i (t) after adopting the DSM measures, the user's saturation D satur i is the ratio of power consumption before participating in DSM to that after participating in DSM. On the contrary, if the actual load value L i (t) is more than the predicted value L i (t) after adopting the DSM measures, the user's saturation D satur i is 1. According to (8) , the user's difference in power consumption can be measured. It defines the proportion of load adjustment before and after the implementation of DSM in each period of a dispatching cycle as the basis for measuring the difference of users' electricity consumption.
According to (9) , the average transfer time between positive and negative transfer peaks after implementing DSM can be obtained. It reflects the time span in which the user's electricity consumption behavior is adjusted.
Based on the above analysis, the relationship between L i (t) and the evaluating index can be established. The larger L i (t), the larger user's saturation D satur
After the load participates in DSM, the shorter average transfer time, the smaller D comfort i , and the more user's comfort.
III. INTEGRATED ELECTRICITY-GAS SYSTEM PLANNING CONSIDERING DEMAND SIDE MANAGEMENT
In order to describe the impact of DSM on the IEGS, a mixed-integer nonlinear programming (MINLP) model is established in this paper.
A. OBJECTIVE FUNCTION
The IEGS planning model with DSM minimizes the net present value (NPV) of the total cost during the entire planning horizon as the target objective. Apart from the investment and operating cost, the model also considers the carbon emission cost and the compensation cost of the DSM:
where C inv (τ ) is the investment cost in year τ , C op (τ ) is the operation cost in year τ , and C carbon (τ ) is the carbon emission cost in year τ . Y is the number of years in the planning horizon, r is the discount rate, and N day is the number of days in a year. type1 is the index for the candidate facilities of the system. type2 is the index for the operating facilities, including the existing facilities and the newly built lines and pipelines during the planning horizon, which represent all the equipment in the system in a given year. type1 and type2 are the set of candidate facilities and the set of operating facilities, respectively. I (τ, t) are the rated capacity of type1 candidate facility for bus i and the output of type2 operating facility at time t in year τ , respectively. λ CO 2 is the price of carbon emissions. CG and Supplier are the set of coal-fired units and the set of gas sources in the natural gas system, respectively. ω 1 and ω 2 are the carbon emission coefficients of coal-fired generating units and gasfired generating sets, respectively. P g,i (τ, t) is the output of generator i at time t in year τ .
B. CONSTRAINTS OF EQUIPMENT CONSTRUCTION
The constraints of equipment construction should be considered. The electrical transmission lines and gas pipelines can only be expanded once during the planning horizon.
C. CONSTRAINTS OF THE ELECTRIC POWER SYSTEM
The constraints of power system include power balance constraints, generator output constraints, and line active power constraints.
i∈ Gen A g m,i P g,i (τ, t)
where A g m,i is the bus-generator incidence matrix, A el m,i is a bus-load incidence matrix, and A l m,i is the bus-line incidence matrix. P min i,gen and P min i,wind are the minimum outputs of thermal unit i and wind unit i (P min i,wind = 0), respectively. P max i,gen and P max i,wind are the maximum outputs of thermal unit i and wind unit i. P g,i (τ, t) and L elec,i (τ, t) represent the active output of generator and the amount of load for bus i at time t in year τ , respectively. Gen , wind , Eload , and elec are the sets of thermal units, wind units, loads, and buses in the system, respectively. Line is the set of candidate power lines.
A transmission line that has been built should meet the flow constraint (19) . A transmission line that has an unknown construction status should satisfy constraint (20) . When the line ij is built, I L ij = 1, (20) become a DC power flow constraint. When the line ij is not built, I L ij = 0, constraint (20) is relaxed.
D. CONSTRAINTS OF THE NATURAL GAS SYSTEM
The secure operation constraints (21) to (26) of the natural gas system mainly include natural gas flow balance constraint, natural gas pipeline flow constraint, power-gas network coupling constraints and steady flow constraint of natural gas pipeline. The flow constraint of the pipeline can be modeled similar to (20) .
where A s k , A gl k and A p k are the node-gas source incidence matrix, node-gas load incidence matrix, and node-pipeline incidence matrix, respectively. Gload is the set of gas loads in the natural gas system. gas is the set of the set of nodes in the natural gas system. Pipe is the set of planned natural gas pipelines. Supplier is the set of gas sources in natural gas system. L gas,i (τ, t) is the amount of gas load for node i. f ij (τ, t) is the transportation flow of natural gas pipeline ij. VOLUME 7, 2019 f ij,max is the upper limit of the transportation flow of natural gas pipeline ij. S i,max represents the upper limit of gas source i. S i,min represents the lower limit of gas source i. r i is the power to gas conversion factor. π c i (τ, t) and π c j (τ, t) are respectively the air pressures at the inlet and outlet of the compressor at time t in year τ . q is the boost ratio of the compressor. ECN is the set of associated buses in the electric power system. GCN is the set of associated nodes in the natural gas system. sgn(x)is a signum function, it takes 1 when the independent variable is not less than 0 and takes -1 when the independent variable is less than 0. c ij represents the coefficient of natural gas pipeline, it is related to the length, diameter and operation efficiency of the pipeline [33] .
E. CONSTRAINTS OF DSM
In this paper, users' saturation, users' difference degree, and users' comfort are designed as USI are considered in the planning of IEGS [32] . (27) where D satur set is the set point of the user's saturation. D diff set is the set point of the user's difference degree. D comfort set is the set point of user's comfort. The values are designed by the users and the power grid enterprise based on the user's bus, the type of load, energy consumption and historical operation.
IV. SOLUTION METHOD FOR THE OPTIMAL IEGS PLANNING WITH DSM
In the mathematical model of DSM, the positive or negative value of the actual shifted load at each time period is uncertain, so (4) is nonlinear. The load adjustment (8) also includes absolute value which is nonlinear. This special nonlinearity can be linearized equivalently by introducing non-negative auxiliary variables [34] . Specifically, the nonlinear (4) and (8) can be changed into linear representation of (28) to (31) by introducing non-negative auxiliary variables u i (t), v i (t), m i (t), and n i (t).
where C dsm is the compensation cost of DSM after linearization. u i (t), v i (t), m i (t) and n i (t) are determined when solving the optimization problems. The nonlinear part in the mathematical model of the natural gas pipeline mainly includes the node pressure and pipeline flow. For the node pressure, the nonlinear terms can be eliminated according to the formulation pa = (π c ) 2 . For the pipeline flow formulation (26) , f ij (τ, t) is defined as follows:
Assume that f (x) = x |x|. The nonlinear f (x) can be linearized as follows.
Step 1) Determine the appropriate number of linearized segments N s to achieve a compromise between the accuracy of the calculation results and the amount of calculation.
Step 2) Calculate the discrete points that are needed for the piecewise linearization within the range of x.The process of calculation can be referred to [35] .
Step 3) Obtain the value of f (x) at each discrete point.
Step 4) Introduce new variables − → δ and − → η to linearize f (x) according to (33) - (36) :
where x is a real variable, δ k is the position in segment k, which ranges between 0 and 1, and η k is a binary variable. (35) is used to ensure that there is no discontinuity in segmentation linearization, and it must be continually filled the entire segmentation interval from left to right. Through the above method, the formulation of natural gas pipeline flow constraint can be rewritten as follows:
(37) can be linearized as follows by using the incremental linearization method to divide the range of natural gas pipeline flow into multiple subintervals [35] .
where N s is the number of natural gas pipeline flow subintervals determined before. The variable δ ij,k (τ, t) ranges from 0 to 1. ω ij,k (τ, t) is a binary variable determined by the binary constraint (40). In addition, the energy consumed by the compressor is ignored, and only the boost relationship at both ends of the compressor is considered.
After the above linearization process, the mixedinteger nonlinear programming (MINLP) model described by (1) to (27) is linearized and transformed into a mixedinteger linear programming (MILP) model described by (1) to (3), (5) to (7) , (9) to (36) , and (38) to (40).
V. CASE STUDY A. CASE INTRODUCTION
The modified IEEE 39-bus electric power system and the 12-node natural gas system shown in Fig. 1 are combined to verify the feasibility and effectiveness of the proposed model in this paper. The power system consists of 10 generators, 17 electrical loads, and 46 power lines. It is assumed that each of the existing line corridors can be expanded up to 3 lines. The wind units are located at bus 9 and bus 14. The natural gas system consists of 3 natural gas sources, 2 compressors, 8 gas loads, and 9 pipelines. It is assumed that each of the existing pipeline corridor can be expanded up to 2 lines. The gas units are located at buses 34, 37, and 38, which are connected to natural gas system nodes 12, 5, and 11, respectively. Detailed parameters of the modified IEEE 39-bus system are from [36] and [37] . The planning horizon is 6 years with a discount rate of 5%. The annual average growth rates of the electrical load and the natural gas load are 3% and 1.5%, respectively.
It is assumed in this paper that all the electrical loads can be managed (i.e., curtailed or shifted). The scale factor for load curtailment and load shifting in the DSM are both 5% (ξ 1 = ξ 2 = 0.05). The load curtailment unit compensation cost µ 1 and the load shifting unit compensation cost µ 2 are $61.43/MWh and $8.57/MWh, respectively. Other technical parameters of the IEGS are shown in Table 1 .
The typical daily load curve is shown in Fig. 2 , where the blue curve represents the electricity load and the red curve represents the nature gas load.
The typical daily output curve of wind units are shown in Fig. 3 , where the blue curve and the red curve represent the outputs of the wind units at bus 9 and bus 14, respectively.
B. ECONOMIC ANALYSIS
In order to study the impact of the DSM measures on the IEGS planning cost, two cases are designed.
Case 1: collaborative planning of IEGS without DSM measures.
Case 2: collaborative planning of IEGS with the DSM measures. In Case 2, two DSM measures including load curtailment and load shifting are considered. The load curtailment reduces the total load of the system, so the total revenue of the grid company is reduced. Compared with the unit capacity compensation coefficient of load shifting, the unit capacity compensation coefficient of load curtailment is larger. Fig. 4 and Fig. 5 show the adjustments of typical daily electricity load and the natural gas load due to DSM.
The electricity load adjustment in Case 2 is shown in Fig. 4 , where the blue bars represent load shifting and the red bars represent load curtailment. From Fig. 4 , it can be seen that the implementation of DSM measures is mainly based on load shifting in the electricity system. In Case 2, the load shifting power accounts for 85.16% of the total DSM adjustment power.
The natural gas load adjustment in Case 2 is shown in Fig. 5 , where the blue bars represent load shifting and the red bars represent load curtailment. From Fig. 5 , it can be seen that the implementation of DSM measures is mainly based on the load curtailment in the natural gas system. The natural gas load reduction during peak hours is more than that during the valley load periods, thus it can also stabilize the typical daily natural gas load curve of the IEGS.
The optimal planning schemes of Case1 and Case 2 are shown in Table 2 , where numbers in brackets represent the construction year and the number of newly built electrical lines or natural gas pipelines. For example, 6-7 [4/1] means that one electrical line was built in the corridor between bus 6 and bus 7 in the 4th year.
It can be observed from the optimal planning results in Table 2 that Case 1 adds one more electrical line than Case 2 in the 6th year. It indicates that the DSM measures have an positive impact on the planning scheme as it can reduce the number of new equipment installation of the IEGS. Comparison of the costs of the two optimal planning schemes.
As DSM reduces the peak load, the planning scheme of Case 2 considering DSM does not build the new line 29-38. Fig. 6 and Fig. 7 shows the final planning schemes of two cases.
The comparison of the costs of the two optimal planning schemes is shown in Table 3 .
Comparing the costs of the two planning schemes in Table 3 , it can be seen that the investment cost, operation cost and carbon emission cost of Case 1 are bigger than those of Case 2. DSM makes the total energy consumption including both electricity and gas drop slightly, reducing the overall cost.
The wind power curtailments for Case 1 and Case 2 during the 6th year of the planning horizon are shown in Fig. 8 , where the red and blue curves represent the wind power curtailments for Case 1 and Case 2, respectively. It reflects the impact of DSM on the ability of the IEGS to accommodate more wind power.
As can be seen from Fig. 8 , all wind power can be accommodated during peak load hours. However, at low load hours at night, Case 1 and Case 2 both have wind power curtailment. After implementing the DSM, the wind power curtailment in Case 2 is reduced by 15.2% compared to that in Case 1. It shows that DSM can effectively reduce wind power curtailment. DSM can smooth the load curve, improve the matching degree between the load curve and the wind power curve, and improve the wind power accommodation.
The total outputs of the electricity system are shown in Fig. 9 , where the red and blue curves represent the total outputs of the electricity system of Case 1 and Case 2, respectively.
In Fig. 9 , the peak load of Case 2 is lower than that of Case 1, and the valley load of Case 2 is bigger than that of Case 1. So, it can be seen that DSM adjusts the peak and valley electrical load so that the peak electrical power load of the electricity system is reduced and the low valley load is increased. Therefore, DSM measures reduce the difference between peak and valley loads and better shape the load curve. As a result, the system load rate is improved, which has a positive impact on IEGS investment construction.
VI. CONCLUSION
A novel framework of IEGS planning considering DSM has been presented in this paper. The users' satisfaction, users' difference degree, and users' comfort are designed as USI during the planning period are modeled. By considering two DSM measures including load curtailment and load shifting to change the load curve, the final planning strategies are optimized. The modified IEEE 39-bus electrical power system and 12-node natural gas system are combined to verify the feasibility and effectiveness of the proposed model. Two cases which are planning without DSM and planning with DSM are analyzed. From the optimal planning results, it can be seen that DSM has positive impact on the planning strategy for IEGS.
In future work, the uncertainties of renewable energy generation and load will be further considered into the model. In addition, the method for enhancing the flexibility of the IEGS planning will be investigated.
